N ERVE GROWTH factor (NGF) belongs to a family of related target-derived protein molecules required for the survival and development of discrete neuronal populations in the central and peripheral nervous systems (1, 2) . Although initial observations led to the conclusion that the biological actions of neurotrophins (NTs) are restricted to the nervous system (3, 4), new evidence suggests that they, in particular NGF, can also affect nonneural cells. The immune (5-8) and endocrine systems (9-13) appear to be the most prominent targets of these actions. NGF, via activation of the tyrosine kinase receptor trkA (7, 8) , induces the release of inflammatory mediators from mast cells (8), promotes differentiation of specific granulocytes (6), and modulates immune responses by stimulating the growth and differentia-tion of B and T lymphocytes (5). In the endocrine system, NGF has been shown to regulate the differentiation of hormone-secreting cells of endodermic (pancreatic p-cells) and ectodermic (pituitary mammotrophs) origins. Thus, a P-cell line representing an early stage in pancreatic differentiation responds to NGF with extension of neurite-like processes (10). Pancreatic p-cell lines (10,13), fetal islets in culture (13), and p-cells of the developing and adult pancreas in viva (1 J.) contain trkA receptors, indicating that insulin-producing cells are indeed targets for NGF action. In the pituitary, NGF promotes the differentiation of bipotential precursor cells to the mammotroph phenotype during development of the gland (9, 12), suggesting that acquisition of PRL-secreting capacity by the pituitary gland is under neurotrophic control.
A direct involvement of NGF in the regulation of gonadal function has been suggested by the detection of trkA receptors in the developing testis (14) and ovary (15,161. In the rat ovary, trkA messenger RNA (mRNA) expression appears to be restricted to two developmental windows: before the initiation of follicular formation and during the hour preceding ovulation (15, 16). At this latter time, there is a remarkable increase in ovarian trkA mRNA levels. This change (brought about by the preovulatory discharge of LH) occurs in thecalinterstitial cells associated with periovulatory follicles and is accompanied by an increase in NGF mRNA content in the same ovarian compartment (16). That these changes have physiological importance is demonstrated by the ability of either immunoneutralization of NGF or pharmacological blockade of ovarian trk receptors to inhibit ovulation (16).
Ovulation is preceded by a loss in gap junctional communication among follicular cells (17). Gap junctions are small channels formed between cell membranes of juxtaposed cells that permit the exchange of ions, second messengers, and small metabolites (18, 19). Both granulosa and thecal cells of developing follicles form independent functional intercellular syncytia via gap junctions (20-22). The preovulatory surge of LH disrupts gap junctions between follicular granulosa cells (231, causing first an increase in the phosphorylation of connexin-43 (Cx431, the predominant protein constituent of gap junctions in the ovary (22-26), and later a decrease in Cx43 protein levels (23,261. Much less is known about the periovulatory regulation of gap junctional communication in the thecal compartment, but there is immunohistochemical evidence that Cx43 is more abundant in the preovulatory theta than in thecal cells of less developed follicles (22).
The presence of NGF and its tyrosine kinase receptor in thecal-interstitial cells [which also contain the low affinity p75 NGF receptor (27)l and the striking increase in t&A abundance triggered by the preovulatory surge of gonadotropins in this ovarian compartment suggest that activation of t&A receptors may contribute to the LH-dependent changes in thecal cell homeostasis that precede ovulation. Fibroblasts ectopically expressing t&A receptors dissociate and proliferate in response to NGF (28), indicating that NGF is capable of affecting cell-cell communication of nonneuronal cells of mesenchymal origin. As thecal cells are also mesenchymal in origin (29), the possibility exists that NGF, acting via trkA receptors acquired before ovulation, contributes to the interruption of thecal cell communication that precedes the ovulatory breakdown of the follicular wall (30).
In the present study, we tested this hypothesis by reproducing in vitro, in the absence of gonadotropins, the preovulatory increase in trkA receptors caused by LH in vivo via transfer of the trkA gene into purified cultures of unstimulated thecal cells. Bovine thecal cells were used because they can be much more easily isolated from interstitial cells than their rat counterparts (31). 
Materials and Methods

Thecal cell cultures
Results
Thecal cells of the rat ovary express Cx43 and t&A mRNA Double in situ hybridization experiments were performed on rat ovaries collected at 2100 h on the day of the endogenous preovulatory LH surge induced by PMSG treatment of immature animals. As previously shown by immunohistochemical localization of the Cx43 protein (22), the mRNA encoding Cx43 was extremely abundant in granulosa cells of small and medium-sized antral follicles (Fig. lA, arrows) . The hybridization signal was noticeably reduced in large periovulatory follicles (Fig. lA, arrowheads) , suggesting that the preovulatory disruption of granulosa cell-cell communication had been initiated. Although less prominent than in granulosa cells, Cx43 mRNA expression was also detected in the thecal compartment (Fig. 1, A and B, dotlble arrowheads). As previously reported (16), t&A mRNA was detected in thecal and interstitial cells (Fig. lC, UYYOW and arrowhead, respectively), but not in the granulosa cell compartment. Detailed examination of the cells expressing Cx43 and trkA mRNA by double in situ hybridization showed coexpression of these mRNAs in a subpopulation of thecal cells (bZuck UYYOWS), but not granulosa cells, of periovulatory follicles (Fig. 2, A and B) . Most of the thecal cells containing trkA mRNA and Cx43 mRNA appeared to be localized in the theta externa (blackarrows), but not all tvkA mRNA-expressing cells contained Cx43 mRNA (white arrows). Colocalization of the mRNAs in interstitial cells was less prominent, as many of these cells appeared to be either trkA mRNA or Cx43 mRNA positive ( Fig. 2A, black and white arrowheads, respectively) .
Bovine thecal cells in culture as a model to study potential periovulatory NGF actions on the follicular wall
In contrast to those in the rat, bovine thecal cells can be easily separated from contaminating interstitial and granulosa cells (31) and, thus, can be readily used for functional studies without the confounding influence of nonthecal paracrine inputs. Like rat cells, however, they express Cx43 mRNA and immunoreactive Cx43 protein, as shown by Northern blot analysis and immunohistofluorescence, respectively (Fig. 3, A and B) . revious studies in the rat demonstrated that the trkA gene blcomes expressed in thecal-interstitial cells only at the time of the preovulatory surge of LH (16). To simulate this condition in vitro, in the absence of other gonadotropindependent events, we increased trkA expression in purified bovine thecal cells by transient transfection of an expression construct (pJM5) containing a rat trkA complementary DNA (cDNA) under the control of the CMV immediate early promoter (32). Forty-eight hours later, we assessed the response of the trkA-overexpressing cells to NGF. Other cells were transfected with the pCMV vector alone. Cells transfected with the trkA cDNA synthesized rat trkA mRNA, as determined by RNase protection assay (Fig. 4A) , and rapidly responded to NGF with tyrosine phosphorylation of a -140-kDa protein species immunoprecipitated with trk antibodies (43) (Fig. 4B) NGF induces phosphorylation of thecal Cx43 at serine residues Addition of NGF (100 rig/ml) to trkA-transfected cells induced rapid phosphorylation of membrane-associated Cx43 (approximate M, of 46,000) at serine residues as early as 10 min after treatment (Fig. 5A) . In all three experiments performed, serine phosphorylation was robustly present after 30 min and persisted for at least 60 min. Exposure to EGF (100 ng/mll, a growth factor known to induce Cx43 serine phosphorylation in epithelial cells (44), resulted in some serine phosphorylation, which was variably detected at 10 or 30 min in frkA and pCMV-only transfected cells (Fig. 5) . This effect of EGF is probably mediated by interaction with its receptor, which is present in normal thecal cells (45). No NGF-or EGF-induced phosphorylation of Cx43 at tyrosine residues was detected (Fig. 5B) . NGF induced some Cx43 serine phosphorylation at 30 min in control thecal cells (Fig.  5A) , suggesting the presence of endogenous frkA in these cells.
NGF, but not other NTs, disrupts thecal cell-cell communication
To determine whether the effect of NGF on Cx43 phosphorylation is associated with a reduction in cell-cell communication, we performed fluorescent dye transfer studies using plasmid-and frkA-transfected bovine thecal cells preloaded with the fluorescent dyes DilC18 and calcein/AM (42). During loading, DilC18, a lipophilic dye, binds to cell membranes, whereas calcein/AM freely enters the cell, where it is transformed into calcein by cellular esterases. Calcein cannot diffuse though the cell membrane, but passes through gap junctions. Exposure of frkA-transfected thecal cells to NGF significantly reduced calcein dye transfer be- Thecal cells transfected with the rat t&A cDNA (T) or plasmid only (P) were treated with NGF (100 &ml) or EGF (100 &ml) for 10,30, or 60 min. After immunoprecipitation with a specific Cx43 antiserum, SDS-PAGE size separation, and transfer to nitrocellulose membranes, the Cx43-phosphorylated species were identified with a monoclonal antibody to phosphoserine (A) and a monoclonal antibody (4GlO) to phosphotyrosine (B). Three individual experiments yielded similar results.
tween DilCl&calcein/AM-preloaded and nonloaded cells. Figure 6 depicts the results of a representative experiment. The upper panels show that in the absence of NGF, calcein was transferred from frkA-transfected preloaded cells to six naive cells. The lower panels demonstrate that upon exposure of the cells to NGF (100 rig/ml), gap junction-mediated dye transfer is reduced. Figure 7 summarizes these findings and presents the statistical evaluation of the results. The effect of NGF was ligand and receptor specific, as it was not seen in either cells transfected with the pCMV vector alone (Fig. 7A ) or in trkAtransfected cells exposed to NT-3, NT-4, or EGF (Fig. 7B) . Treatment of the cells with heptanol, a potent inhibitor of gap junctional communication (46), eliminated all detectable calcein transfer (not shown), thus verifying the specificity of the method (42). Although the magnitude of the changes observed was seemingly small (-30% decrease), this figure does not take into account the actual fraction of cells that was effectively transfected. Lipofectamine-mediated transfection of the fibroblastic 3T3 cell line has been shown to result in transfection of 40-80% of the cells (47,481, suggesting that the transfectability of thecal cells in primary culture may be, at best, near the lower part of this range.
Discussion
The preovulatory surge of gonadotropins initiates a cascade of events within both the granulosa and thecal cell compartments of the Graafian follicle that ultimately results in ovulatory rupture and differentiation of both thecal and granulosa cells into luteal cells. Although it is not always easy to establish a clear distinction between events leading to luteinization and those involved in follicular rupture, it appears clear that follicular rupture is not required for luteinization to occur (30). Consequently, the dissociation and rupture of the follicular wall must be determined by events not coupled to the differentiation of follicular cells into their luteal counterparts.
Morphological and biochemical examination of the follicular wall have indicated that disruption of cell-cell communication between thecal cells and weakening of the collagenous matrix within the follicular wall are critical events in the process leading to follicular rupture (reviewed in Ref. 30). Dissociation of thecal cells in the theta externa begins within a few hours of the gonadotropin surge and is markedly accelerated near the actual time of ovulation (49). The cellular dissociation of the theca externa is accompanied by increased collagenolytic and protease enzyme activity, and edema and dissociation of the theta interna (49-52). Although there is little doubt that these complex events are critical for ovulation to take place, the factors that set in motion the cellular dissociation of the follicular theta have not been identified.
During the course of experiments aimed at characterizing the presence of neurotrophic genes of the NGF family in the developing rat ovary, we unexpectedly found that expression of trkA, the NGF tyrosine kinase receptor, increases massively during the evening of the first proestrus (16). Importantly, this change was transient and limited to the thecalinterstitial compartment of the ovary, suggesting that activation of frkA receptors may be one of the mechanisms The results of the present study suggest that NGF-dependent activation of trkA receptors in thecal cells may contribute to initiating the preovulatory loss of cell-cell contact within the follicular wall. Exposure of thecal cells bearing trkA receptors to NGF resulted in the rapid serine phosphorylation of Cx43 and, as shown by dye transfer experiments, the subsequent reduction of cell-cell contacts via attenuation of gap junctional communication. We do not know whether, under the experimental conditions used, NGF affects cell coupling by preventing the formation of new gap junctions, disrupting those already existing, or both. Cell-cell communication via gap junctional coupling is established within seconds or minutes after the cells come into contact with one another (55). As NGF was added 30 min after seeding the cells, and at this time dye transfer was already detected, it ' Con ' NG ' 3'N would appear that at least part of the NGF effect is exerted on newly formed gap junctions. A potential inhibitory effect of NGF on in z&o gap junction formation remains, however, a distinct possibility. Regardless of the cellular mechanism used by NGF to affect thecal cell communication, the present results indicate that the net outcome of its actions is a reduction in the number of viable gap junctional cell-cell contacts.
Although our study does not demonstrate a cause-effect relationship between serine phosphorylation of Cx43 and a reduction in gap junction viability, prior reports have implicated serine phosphorylation of Cx molecules as one of the initial steps in the sequence of events leading to gap junctional disruption in several cell types (19,44, 56), including ovarian cells (26). The study of Lau et al. (44) is particularly enlightening in this regard. These researchers found that EGF-induced disruption of gap junctions coincided with increased serine phosphorylation of Cx43 and, more importantly, that okadaic acid, a serine/threonine phosphatase inhibitor, prevented both the subsequent dephosphorylation of Cx43, and the restoration of gap junctional communication. Nevertheless, the ability of cells to sustain a basal level of Cx43 phosphorylation may also be important for the es-tablishment of functional gap junctions (57). As neither the presence of Cx43 nor the detection of Cx43 in its phosphorylated stage can be taken as proof that the cells are or are not actively communicating (57), the functional competence of gap functions must always be evaluated. The dye transfer experiments we have conducted provide the required physiological assessment of the functional status of gap junctions in thecal cells exposed to NGF.
The ability of NGF to serine phosphorylate Cx43 is consistent with the intracellular signaling pathways activated by binding of the growth factor to its trkA receptor. NGF activates, among other signaling elements, mitogen-activated protein kinases (3, 40), which have been recently shown to phosphorylate Cx43 on consensus serine phosphorylation sites in the carboxyl-terminal tail of the protein (58). In contrast to NGF, only a small increase in the serine phosphorylation of Cx43 was observed after a lo-to 30-min exposure to EGF, and this change was not accompanied by a reduction in dye transfer. Although it is entirely possible that the dye transfer method employed is unable to detect small changes in gap junctional communication, the lack of effect of EGF was unexpected, because in epithelial cells, EGF strongly induces Cx43 phosphorylation and disrupts gap junctional communication (44) . At present, we have no clear explanation for this difference.
Thecal cells in culture may not represent an ideal model to study preovulatory events, because they undergo luteinization in vitro. Nevertheless, they provide the best available system to analyze the actions of putative regulators of thecal cell function, as potential confounding influences generated by other ovarian cell types (particularly granulosa cells) are avoided. Transfection of thecal cells with a trkA expression vector allowed us to mimic the physiological acquisition of trkA receptors that occurs after the preovulatory surge of gonadotropins without having to expose the cells to LH. Thus, the effect of trkA activation could be examined in the absence of additional gonadotropin-dependent events that may have modified the results. Thecal cells in culture retain their cell-cell contacts via Cx43-containing gap junctions and respond to NGF with a reduction in the number of viable junctions, indicating that despite their in vitro luteinization, isolated thecal cells can respond to a putative regulatory factor transiently expressed before they become luteinized during the normal process of ovulation. Importantly, overexpression of the trkA receptor did not affect the overall signal transduction machinery of the cells, as evidenced by the inability of other NTs acting via tyrosine kinase receptors (such as NT-3 and NT-4) to induce Cx43 phosphorylation and affect gap junctional communication in cells transiently expressing trkA receptors. Thus, the experimental conditions used allowed us to examine, under controlled in vitro conditions, the specific manifestations of NGF-dependent, trkAmediated events.
Our experiments do not allow us, however, to define the type of thecal cells most prominently affected by NGF, because the preparation we used contains cells derived from both theta interna and theta externa. The finding that trkA mRNA is mostly expressed in theta externa of rat preovulatory follicles implicates theta externa as the main target for NGF action within the follicular wall. In bovine follicles, however, trkA mRNA can be detected by RNase protection assay in both theta interna and externa of antral follicles (Dissen, G. A., J. A. Parrott, M. K. Skinner, and S. R. Ojeda, unpublished data). Recently, Espey advanced the view (30) that the principal events leading to the degradation of the follicular wall, and ultimately to follicular rupture, may take place in thecal fibroblasts of the theta externa, which during the hour preceding ovulation "switch from a quiescent condition into a motile proliferating state." Our results suggest that activation of trkA receptors may be one of the molecular events implicated in this process, as thecal cells bearing trkA receptors not only lose gap junctional communication (this paper), but also proliferate in response to NGF (Dissen, G. A., D. F. Hill, J. A. Parrott, M. K. Skinner, and S. R. Ojeda, in preparation). Thus, neurotrophic genes may not only be important for the development of the nervous system, but they may also play important roles in the regulation of specific differentiation processes affecting the endocrine system. Participation of the NGF-trkA regulatory complex in the ovulatory process appears to provide a unique example of this type of neuroendocrine integration. 
